The hydrothermal vent clam Calyptogena magnifica (Bivalvia: Vesicomyidae) depends for its nutrition on sulfur-oxidizing symbiotic bacteria housed in its gill tissues. This symbiont is transmitted vertically between generations via the clam's eggs; however, it remains uncertain whether occasionally symbionts are horizontally transmitted or acquired from the environment. If symbionts are transmitted strictly vertically through the egg cytoplasm, inheritance of symbiont lineages should behave as if coupled to the host's maternally inherited mitochondrial DNA. This coupling would be obscured, however, with low rates of horizontal or environmental transfers, the equivalent of recombination between host lineages. Population genetic analyses of C. magnifica clams and associated symbionts from eastern Pacific hydrothermal vents clearly supported the hypothesis of strictly maternal cotransmission. Host mitochondrial and symbiont DNA sequences were coupled in a clam population that was polymorphic for both genetic markers. These markers were not similarly coupled with sequence variation at a nuclear gene locus, as expected for a randomly mating sexual population. Phylogenetic analysis of the two cytoplasmic genes also revealed no evidence for recombination. The tight association between vesicomyid clams and their vertically transmitted bacterial endosymbionts is phylogenetically very young (<50 million years) and may serve as a model for the origin and evolution of eukaryotic organelles.
Endosymbiotic associations have played major roles in evolution, from the ancient origins of the energy-producing organelles of eukaryotic cells (16, 28) to relatively young associations between invertebrate animals and chemoautotrophic bacteria in deep-sea hydrothermal vent communities (38) . The degree of integration between host and symbiont varies greatly in these younger symbioses. For example, the mouthless and gutless adults of vestimentiferan tubeworms (Annelida: Siboglinidae) depend entirely on thiotrophic (sulfide-oxidizing) endosymbionts for their nutrition (6, 13 ), yet they acquire their symbionts anew each generation from the surrounding environment (9, 27) . Although molecular studies and fossil evidence suggest that vestimentiferan tubeworms, and presumably their symbionts, have existed at hydrothermal vents for at least 100 million years (2, 19, 20) , phylogenetic trees based on these environmentally acquired symbionts do not parallel those of their tubeworm hosts (12, 33) . In contrast, vesicomyid clams appear to transmit their thiotrophic endosymbionts vertically between generations via their eggs (3, 10) , yet the clams have retained a rudimentary gut (25) . Molecular systematic studies suggest that vesicomyid clams radiated more recently than tubeworms, perhaps less than 50 million years ago (37) , and evolutionary relationships among the symbionts closely parallel those of their clam hosts, i.e., they exhibit cospeciation (38) .
Although phylogenetic patterns of cospeciation are expected with "strictly" vertical transmission of symbionts (30, 38) , such patterns do not preclude some degree of horizontal transmission (i.e., symbionts are occasionally transferred between host individuals) or "leakage" among lineages within individual species. Moreover, such cospeciation patterns do not require vertical transmission, as they can also be found in some tightly integrated host-parasite systems maintained by horizontal or environmental transmission (18, 34, 35) ; thus, biologists should cautiously interpret cospeciation patterns as evidence for strictly vertical transmission. If symbiont transmission is strictly vertical through the cytoplasm of a host's eggs, the inheritance of symbiont lineages should parallel that of other maternally inherited cytoplasmic factors, like mitochondria (14, 38) . Thus, in natural populations, variation in the symbiont genome will behave as if completely linked (i.e., coupled) with mitochondrial variants, and they should exhibit gametic phase disequilibrium. However, horizontal transfers between hosts, or acquisition of new symbionts from the environment, will decouple host and symbiont lineages and randomize their occurrence together. Such decoupling events are comparable to conventional genetic recombination in a Mendelian population; thus, a randomly mating population at equilibrium should exhibit no gametic phase disequilibrium, even if decoupling events are extremely rare. Unfortunately, tests of coupling due to vertical transmission of host mitochondrial and symbiont genomes are difficult. Often, host or symbiont lineages lack sufficient polymorphism to detect coupling. Even the application of rapidly evolving genetic markers might be misleading, because host and symbiont lineages might covary geographically as a consequence of shared historical population structures, as we shall demonstrate. To date, only one example exists that is consistent with intraspecific coupling of host mitochondrial and symbiont lineages due to strictly vertical transmission. The mitochondrial gene tree of the aphid Uroleucon ambrosiae is broadly congruent with gene trees based on its bacterial endosymbiont, Buchnera aphidicola, and two endosymbiont plasmids (14, 15) .
Herein, we tested the hypothesis that host mitochondrial and endosymbiont genomes of the hydrothermal vent clam Calyptogena magnifica (Bivalvia: Vesicomyidae) are coupled in natural populations. This clam harbors a sulfur-oxidizing ␥-subdivision proteobacterium in specialized cells contained within its gill tissues (5, 6, 13) . Cytological and molecular evidence reveals that the symbionts are transmitted via the eggs of Calyptogena clams (3, 10) . To date, these bacteria have not been found living freely in the marine environment, and attempts to culture the symbionts have failed (32); nonetheless, this negative evidence does not preclude the existence of a free-living form of the bacterium or rare horizontal transfers between hosts (38) . To test our hypothesis, we examined covariation of host and symbiont DNA sequences from C. magnifica individuals sampled across the known range of this species. Additionally, to assess whether such covariation might result from shared historical population structures for host and symbiont lineages, we also examined nuclear gene markers that should exhibit no coupling within populations that have achieved gametic phase equilibrium.
MATERIALS AND METHODS
Biological samples. We examined DNA sequence variation in C. magnifica clams and associated symbionts sampled from the known range of the host species (Fig. 1 ). Specimens were collected using the submersible Alvin and stored at Ϫ80°C prior to genetic analyses. We examined 10 individuals from 21°N (Alvin dives 2230, 2231, 2232, and 2233), 13 from 9°N (Alvin dives 2353, 2358, 2370, 2503, and 2769), 9 from 11°S (Alvin dive 3323), and 38 from 17°S (Alvin dives 3294, 3328, and 3329) on the East Pacific Rise (EPR), and 10 from the Galapagos Rift (GAR) (Alvin dives 2223 and 2224).
DNA extraction, PCR amplification, and sequencing. The manufacturer's protocols were followed for the DNEasy kit (Qiagen, Inc., Chatsworth, Calif.) to extract total DNA from adductor muscle and gill tissues of each clam. Adductor DNA (endosymbiont-free tissue) was used to amplify a 570-bp region of the clam mitochondrial cytochrome oxidase c subunit I gene (mtCOI), a 410-bp region of the clam mitochondrial cytochrome b (cytb), and 1,150 bp of a noncoding anonymous single-copy nuclear DNA locus (Cmg24) of the clam. Primers and PCR conditions were described for mtCOI amplification by Peek et al. (37) , for cytb by Dahlgren et al. (8) , and for Cmg24 by Karl et al. (24) . Gill DNA (endosymbiontinfected tissue) was used to amplify an 840-bp fragment of the symbiont internal transcribed spacer (ITS) region (symITS) of the ribosomal operon using the bacterium-specific primers and PCR conditions reported by Jensen et al. (23) . We confirmed that these primers were symbiont specific by attempting amplification on adductor DNA (i.e., endosymbiont-free tissue used for the amplification of mitochondrial and nuclear genes) and failing to obtain any PCR product. A BLAST search (1) of the symITS sequences obtained in our study with sequences from GenBank showed that they were more similar to endosymbiont ITS sequences reported for other vesicomyid clams and, to a lesser degree, to the ITS sequence of uncultured free-living ␥-subdivision proteobacterium, bacterial symbionts of vestimentiferan hydrothermal vent tubeworms, and other bacteria. We sequenced all PCR products in both directions, using ABI 377 or Licor 4000L sequencers. Sequences were proofread and aligned with Sequencher version 4.1 (Gene Codes Corp., Ann Arbor, Mich.). We found no genetic variation at cytb. Consequently this marker was not used for further analyses.
We cloned Cmg24 PCR amplification products from 10 individuals from 21°N, 10 from 9°N, and 10 from 17°S, using the PCR-Script Amp cloning kit (Stratagene, La Jolla, Calif.) and following the manufacturer's protocol. We sequenced one clone per individual, and the comparison among these sequences revealed the presence of a single polymorphic site. We then obtained PCR amplifications of the Cmg24 fragment for 75 clams. We sequenced directly all 75 PCR products on a Licor sequencer. These sequences did not reveal any additional polymorphic sites. The gel image produced by the Licor system allows one to determine whether an individual sample has more than one nucleotide at a particular position. We examined the gel image to establish whether an individual was homozygous (one band) or heterozygous (two bands) at the polymorphic site. We obtained the same scores for individual clams in repeated sequencing runs.
Population genetic analyses. The program Arlequin 2000 (41) was used to estimate genetic differentiation between populations (F ST ), following the method of Hudson et al. (21) , and to conduct exact tests of population genetic differentiation (40) .
Independence tests. If completely coupled, host mitochondrial and symbiont lineages should exhibit gametic phase disequilibrium. However, a small amount of horizontal or environmental transfers, which is equivalent to recombination, would eliminate this coupling on relatively short time scales. We used the likelihood ratio test (G test) as implemented with the JMP statistical program (version 4; SAS Institute, Cary, N.C.) to test for independence of mtCOI and symITS DNA sequences from individual clams. We also tested for nuclearcytoplasmic disequilibrium between the nuclear gene Cmg24 and both cytoplasmic genes, symITS and mtCOI. In a randomly mating host population at gametic phase equilibrium, nuclear genes should vary independently of mitochondrial and symbiont genes.
Phylogenetic analyses. We used PAUP*4.0b10 (42) to construct a gene tree of cytoplasmic haplotypes by combining mtCOI and symITS DNA sequences from individuals. To infer phylogenetic relationships among haplotypes, we used parsimony (equally weighted substitutions and characters), neighbor-joining based on Kimura-2-parameter distances (26) , and maximum likelihood analyses, assuming empirical base frequencies, one substitution parameter, and equal rates among sites. We also conducted a partition homogeneity test (11) to examine whether combining sequence data from mtCOI and symITS was appropriate (i.e., each gene separately produces no significant conflicting tree topologies under the parsimony criteria). Parsimony analyses were performed with a branch and bound search, which guarantees finding the most parsimonious tree (43) , and maximum likelihood analyses were performed with heuristic searches. An absence of homoplasy (i.e., recombination) in the combined mtCOI-symITS tree would be consistent with the hypothesis of strictly vertical transmission of symbiont and mitochondria. In contrast, detection of homoplasy would suggest the occurrence of recombination (i.e., horizontal or environmental transmission) of endosymbionts between clam lineages. 
RESULTS
Geographical genetic variation. We identified 6 mtCOI, 11 symITS, and 2 Cmg24 variants among the clams examined in this study (Table 1) . Mitochondrial and symbiont cytoplasmic variants were observed in 16 different combinations (Table 2) . We found low levels of genetic variation in the three markers. mtCOI variants differed by one to two nucleotide substitutions, symITS variants by one to five, and Cmg24 by one.
Population genetic analyses. Evidence existed for genetic differentiation or population subdivision across the range of C. magnifica (Table 1 ). The sample from 17°S differed from all other EPR and GAR localities for novel alleles at all three marker loci. Exact tests of genetic differentiation between 17°S and the other localities were significant for symITS and Cmg24 (Table 3 ). In addition, the GAR sample differed significantly from all other localities for mtCOI.
Tests of genic independence. To test the hypothesis that symbiont lineages were coupled with the host's maternally inherited mitochondrial DNA, we needed to avoid the confounding effects of intergenic correlations due to population subdivision. We were able to test for coupling of cytoplasmic lineages among individual clams from only a single population, 17°S, where clams were simultaneously polymorphic for symbiont and mitochondrial gene markers. For the entire sample of 38 clams obtained from the 17°S region, sequence variants for each marker were lumped into two categories: (i) variants that were unique to this locality, versus (ii) variants that also occurred in the north. We conducted 2 ϫ 2, likelihood ratio, contingency tests of linkage disequilibrium between all three pairwise combinations of genetic markers (Table 4) to test the null hypothesis of genic independence (i.e., gametic phase equilibrium). The null hypothesis was only rejected for the symITS-mtCOI combination of symbiont and mitochondrial markers (test i), which is expected under strictly vertical cytoplasmic cotransmission. The null hypothesis was not rejected for the genic combinations involving the nuclear marker, Cmg24-mtCOI and Cmg24-symITS (i.e., tests ii and iii), as expected for independent loci at nuclear-cytoplasmic equilibrium.
Phylogenetic coevolution of symbiont and mitochondrial lineages. We used the 16 different combinations of the 6 mtCOI and 11 symITS variants found among the 78 clams examined (Table 2) to construct a gene tree of cytoplasmic haplotypes (Fig. 2) . The same tree topology was obtained regardless of the phylogenetic method used (parsimony, distance, or maxi- mum likelihood). Combining sequence data from mtCOI and symITS was appropriate for this phylogenetic analysis because a partitioning homogeneity test (11) failed to detect significant heterogeneity in tree topologies between the two genes. The coevolutionary path that reflects joint changes in symbiont and mitochondrial sequences in C. magnifica was clearly revealed in the combined phylogenetic tree for symITS and mtCOI sequences. As expected for coupled genetic systems, the phylogenetic distribution of symITS variants was not independent of clam mtCOI variants. The tree identified two groups that correspond with 17°S endemic combinations versus combinations found at populations to the north (11°S, 9°N,  21°N , and GAR). For EPR localities to the north of 17°S, all within-population variation was due to changes in symITS. The common haplotype (1-A) was found in 83.3% of the EPR individuals to the north of 17°S. The GAR sample exhibited a FIG. 2. Gene tree of cytoplasmic haplotypes combining host mitochondrial COI (mtCOI) and symbiont ITS (symITS) DNA sequences. Each circle represents a unique mtCOI-symITS haplotype combination (16 different combinations were observed among the 80 clams examined). Numbers inside the circles represent mtCOI haplotypes, and letters represent symITS variants (see Table 2 ). Gray circles indicate cytoplasmic haplotype combinations observed exclusively at 17°S. Combinations 1B, 1C, 1D, and 1E were observed only in clams from EPR localities other than 17°S. Combinations 1A and 1F were observed among clams from 17°S and other EPR localities. Combination 2A was the only combination observed among the clams examined from GAR. The bootstrap value (*) based on a branch and bound search indicates that 97% of 100 replicates supported the separation of the two groups defined by this node. a Three tests were conducted: (i) symbiont versus host mitochondria; (ii) host nuclear versus host mitochondria; and (iii) host nuclear versus symbiont nuclear. Expected numbers appear in parentheses. Each gametic combination was labeled S, representing 17°S endemic variants, or N, representing alternative variants, as defined in the text and the legend for Fig. 2 .
b One degree of freedom. c ‫,ء‬ statistically significant at P Ͻ 0.05.
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unique haplotype (2-A) that differed by a single substitution in mtCOI. In contrast, the southern population at 17°S exhibited variation in both its mitochondrial and bacterial sequences. The most common northern combination (1-A) also occurred at 17°S but was less frequent (15.8%). Two individuals (5.3%) had the combination (1-F) also found in the north, but all other 17°S individuals exhibited combinations found only at this locality. The most common southern haplotype (1-H) occurred in 44.7% of individuals at 17°S. The four mtCOI variants unique to 17°S (variants 3 to 6) only occurred with a symITS variant (type H) also unique to 17°S, representing 22.7% of the clams at this locality. Apparently, mtCOI variants 3 to 6 arose in a clam lineage that already had symITS type H. Likewise, the predominantly northern symITS variants (types A to F) arose in a clam lineage that already had the northern mtCOI type 1.
DISCUSSION
All our findings are consistent with coupling of mitochondrial and endosymbiont lineages due to strictly maternal cotransmission. As expected for tightly coupled genes, the pattern of geographical variation in symITS paralleled that of the clam mtCOI. Both genes exhibited novel groups of alleles found only at 17°S in the EPR. However, such geographical covariation is not necessarily a consequence of coupling due to strictly cytoplasmic cotransmission. For example, covariation between gene loci can result from a common history of population subdivision and genetic drift (31), a likely hypothesis since parallel gene frequency shifts also occurred in the nuclear marker Cmg24 (Table 1 ). Because nuclear genes assort independently of cytoplasmic factors in a sexually reproducing population, such geographical covariance may have resulted from historical processes that simultaneously affected nuclear and cytoplasmic genomes. However, in our analysis, we avoided the problem of shared historical population structure by testing the independence of gene associations (i.e., gametic phase equilibrium) within a single population.
Significant associations between the two cytoplasmic genomes were observed at 17°S, which is expected with coupling of mitochondrial and endosymbiont lineages due to strictly maternal cotransmission. Additionally, we demonstrated that variation at a nuclear gene was independent of the two cytoplasmic markers, as expected for a randomly mating population at gametic phase equilibrium. The null hypothesis of independence was not rejected for genic combinations involving the nuclear marker (Cmg24-mtCOI and Cmg24-symITS), as expected for independent loci at nuclear-cytoplasmic equilibrium. This latter result also provided evidence that cryptic subdivision (i.e., the Wahlund effect [45] ) does not exist in the clams at 17°S and that this population comprises a randomly mating sexual population. A previous study of allozymes and nuclear DNA markers in C. magnifica also revealed no evidence for inbreeding or cryptic subdivision within populations of this species (24) . Thus, the genic disequilibrium between symITS and mtCOI provides substantive evidence for strict coupling.
Phylogenetic analyses also reinforced the view that maternal cytoplasmic inheritance is the only mechanism for symbiont transmission in this clam species. We found no phylogenetic evidence for recombination between symbiont and mitochondrial markers when the two sequences were combined into cytoplasmic haplotypes. Lack of homoplasy in the combined tree topology is consistent with no horizontal or environmental transmission of symbionts (14) . If occasional leakage of symbionts occurs between host lineages, mixed symbiotic and mitochondrial sequences and homoplasy are expected (14) . If we had observed just one clam (out of 38 from 17°S) bearing symITS types A, F, or G with mtCOI types 3, 4, 5, or 6, the resulting homoplasy would suggest some endosymbiont horizontal or environmental transmission.
We considered additional factors that might have affected our present results. First, the inheritance of mitochondria is not strictly maternal in some marine bivalves. Some of them exhibit doubly uniparental inheritance, i.e., female mitochondrial lineages are transmitted through eggs and male mitochondrial lineages are transmitted through sperm (36, 46) . If paternal transmission of mitochondrial DNA occurs in vesicomyid clams, it would mix mitochondria and symbionts from different lineages and eliminate the tight coupling observed in this study. We found no evidence for doubly uniparental inheritance in these clams, e.g., heteroplasmy of mtCOI sequences. Another potentially confounding factor is that the ribosomal operon of some bacteria may occur in multiple copies (7) . Divergent symITS sequences might reflect paralogous rather than homologous variation and confound the association with mitochondrial variation. Yet, we found no evidence for paralogous variation in individual clams, despite multiple PCR amplifications of individuals from polymorphic populations. DNA sequencing unambiguously revealed only one symITS per individual. If multiple ribosomal operons exist in these bacteria, their ITS sequences might have converged on a single copy (concerted evolution). Alternatively, PCR primer bias might have favored amplification of a single copy, an unlikely prospect given the highly conserved ribosomal regions targeted by the ITS primers used in this study. Nevertheless, rather than produce artificial associations, incorporation of multiple copies of either mtCOI or symITS in our analyses might have obscured mitochondrial-symbiont associations. We observed extremely low levels of genetic variation in the clam mtCOI marker. We used this marker because it shows a high degree of polymorphism within and among populations of several other hydrothermal vent species (22) . However, our results indicate that, compared to other hydrothermal vent species, variation at this gene is very low in C. magnifica. Similarly, we did not observe any polymorphism at another mitochondrial marker (a fragment of cytb) among several clams, even though this marker is very variable in other hydrothermal vent species (22) . These observations are consistent with a previous study that showed extremely low levels of genetic polymorphism for this clam species at other markers, including Cmg24 (24) . These authors suggest that high rates of extinction of local populations and subsequent recolonization may have eroded genetic diversity in this clam species. C. magnifica is a late colonizer of hydrothermal vents, and thus vents may disappear before or shortly after this species settles. It is possible that continuous bottlenecks have dramatically reduced mitochondrial and nuclear genetic variability in this species. However, our data indicate that symITS evolves more rapidly than host mtCOI, a possible consequence of the less-constrained, noncoding nature of the ITS. Additionally, 2062 HURTADO ET AL. APPL. ENVIRON. MICROBIOL.
genes of vertically transmitted symbionts appear to exhibit accelerated nucleotide substitution rates compared to host mitochondrial genes (29) and compared to free-living bacterial counterparts (39) . It is remarkable that despite the low genetic variation at mtCOI and the relatively limited sample from 17°S, we detected significant cytoplasmic associations at this locality.
In conclusion, the present results provide compelling evidence for genetic coupling due to strictly maternal cotransmission of host mitochondrial and symbiont genomes in a sexually reproducing species. The present evidence for strict maternal cotransmission suggests that the endosymbiotic bacterium may have lost its ability to live freely in the marine environment and reinfect C. magnifica clams. This is surprising because closely related, ␥-subdivision proteobacterial endosymbionts of lucinid clams and vestimentiferan tubeworms appear to be environmentally acquired (4, 12, 17, 27) . The evolution of vertical cotransmission by vesicomyid endosymbionts is associated with an accelerated rate of nucleotide substitution (39), a phenomenon also observed in vertically transmitted endosymbionts of aphids (29) . If the clam endosymbiont has become completely dependent on its hosts for transmission, we expect it might also exhibit evidence for genome reduction, e.g., loss of genes essential for free-living bacteria, as has been observed in the Buchnera endosymbionts of aphids (44) . Yet the association of these ␥-subdivision proteobacteria with vesicomyid clams is relatively young, probably less than 50 million years old (38) . The evolution of complete interdependence between the participants in this symbiosis may parallel ancient evolutionary processes by which eukaryotic cells acquired mitochondria, chloroplasts, and possibly other cytoplasmic organelles (28) . Therefore, the vesicomyid-endosymbiont system may serve as a useful model for exploring early stages in the evolution of new cytoplasmic organelles.
